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ABSTRACT

This paper introduces a self-sensing technique of self-
bearing motor by using the differential transformer
principle. This self-sensing technique has wide lin-
ear range than the other system due to the use of
the carrier frequency component. Therefore it is
expected to have robust displacement information
for the temperature fluctuation. Self-bearing motor
uses P42 pole algorithm which requires the two set
of coils for the levitation and the motoring control.
The opposed coil pair of the levitation is connected
out of phase while that of motoring is connected in
phase. Therefore it has the same structure of the
differential transformer. Usually the motor is driven
by the Pulse Width Modulated driving current. The
induced carrier frequency component can be used for
displacement estimation. In this paper, the funda-
mental principle is introduced how the self-sensing
is achieved by the differential transformer principle.
Then the differential cutput characteristics is exam-
ined experimentally. Finally the self-sensing levita-
tion is carried out.

INTRODUCTION

In recent years, high speed and high efficient mo-
tor is required for high technological products. Con-
tact type bearing is widely used to support the ro-
tor. However, the mechanical contact causes sev-
eral problems, such as friction and vibration. Fur-
thermore maintenance and repairement are required.
In order to solve these problems, magnetic bearings
have been used which can support the rotor with-
out physical contact. AC motor has good charac-
teristics such as maintenance free, dustless and high
efficiency. Therefore the rotor supported by mag-

netic bearing and driven by AC motor can rotate
smoothly and achieve high speed rotation. However
the length of the rotor increases causing low criti-
cal speed and bending vibration. The structure of
magnetic bearing and AC motor are similar, hence
self-bearing motor has been developed which has two
functions of motor and magnetic bearing in a com-
mon rotor-stator pair. As a result, the total rotor
system will be downsized and the critical speed can
be increased [1].

Magnetic levitation system is always unstable,
displacement sensor is required for feedback control
to stabilize the self-bearing motor. The sensors are
usually expensive and produce the non-collocation
problem. The eddy current sensor is widely used
which is affected by the actuator magnetic flux. The
distance between the actuator and the sensor affects
adversely to high frequency feedback stability. Hence
several self-sensing techniques have been proposed to
the magnetic levitation system. They are classified
into two categories; observer based [2] and carrier
frequency component ones [3]. The observer based
type that estimates displacement from the relation
between the control voltage and current has the ad-
vantage that it does not require any special hard-
ware such as filter and demodulation circuit. How-
ever it cannot estimate the static displacement. On
the contrary, the carrier frequency type requires a
special hardware to detect the inductance difference
caused by the airgap change in the electromagnetic
circuit. The advantage is that it can estimate the
real displacement. However, the estimated displace-
ment from only the actuator inductance does not
have wide linear range and is influenced by the tem-
perature. In order to improve these problems, we
proposed a differential transformer (DFT) type dis-
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placement estimation. The airgap of the magnetic
bearing has been successfully estimated [4]. In this
paper, the DFT type self-sensing technique is applied
to the self-bearing motor.

PRINCIPLE OF LEVITATION AND
ROTATION

The P42 type seli-bearing motor has been developed
and applied to the PM type, induction type, and re-
luctance type motors [5]. Due to the high efficiency
and low temperature rise only PM type motor is ap-
plicable to the hard disk drive and artificial heart
pump. Therefore the PM type motor is considered
in this paper. The principle of rotation and levita-
tion for the PM type motor is summarized.

The rotor with an M pole pair number is assumed
to produce the following flux density:

B (8,1) = Bg cos(wt — M8) )

where B, = peak density of magnetic flux, w = mo-
toring frequency, and ¢ = angular coordinate (as-
sumed zero at y direction].

A current sheet of the stator is assumed to have
the following current distribution to produce the ro-
tating torgue:

In(6,t) = —Ipg cos(wt — MO — ¢) (2)

where Iy = the peak current, and ¢ = the phase
difference.

Therefore the rotating torque is calculated as fol-
lowing equation using Flemming’s left hand law:

2

T r | B.(6,8)I.(0,t)Ldf
0

it

= BplyrLwcosg (3)

where r = radius of rotor, and L = effective length of
windings. Therefore, the motoring control is achieve
by changing the phase of motoring current ¢.

Next, the levitation control is considered. Let us

consider the N pole pair current in the stator which

gives the following magnetic flux:

By (8,t) = —~Bp cos(wt — N8)
—Bpy sin(wt — N6) (4)
where Brp; and Bpo are the peak densities of two
components of flux distribution. Then the total mag-

netic flux density in the airgap is given as the follow-
ing equation.

B = B.(0,t) — Bs{0,1) (5)

This flux produces the attractive force in 8 direc-
tion.

AF(8) = %AS (6)

where AS is the infinitesimal area. Hence the total
levitaion force in # = 0 direction is given by

2r pL
/ / AF(0)rcosb
o Jo

B 2
%%55[) [cos{(M — N — 1)6}

+cos{(M — N +1)6}]de (M

F, =

where L = length of rotor, pto = permeability of free
space.
The equation becomes a constant force

_ ®BgrL
Fy - 2'“0 BFI (8)

when M — N = *1. That is, a pure levitation force
can be obtained when the stator pole number = the
rotor pole number + 2.

The # directional force is calculated by integrat-
ing the = component of (6) as the following,

wBgrlL
2p9

£ = Bp, (9

Hence, two-dimensional radial position of the ro-
tor can be controlled by changing the magnitude of
Bpi and By,

PRINCIPLE OF SELF-SENSING

This paper introduces a self-sensing technique of self-
bearing motor by using DFT principle. In this sec-
tion, the displacement output characteristics is ex-
amined theoretically. Then the possibility of self-
sensing control for self-bearing motor is considered.

The schematic of the DFT is shown in Figure 1.
The DFT consists of reference coil, two output coils,
and the iron core. The reference coil is driven by AC
current of the constant frequency, which produces
the flux crossing to the output coils. The voltage of
ez1 and egg is induced in the output coils. The dif-
ference e;; — ez2 is used for estimation, because the
upper and lower output coils are connected reversely.
Therefore if the iron core is at the center, the differ-
ential output is zero. This characteristics is shown
in the right side of Figure 1.

The arrangement of the Jevitation and the motor-
ing coils of the self-bearing motor is shown in Fig-
ure 2. The self-bearing motor requires two sets of
coils; one is the motoring and another is the levita-
tion coils. The levitation coils are always reversely
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FIGURE 1: Principle of Differential Transformer
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FIGURE 2: Arrangement of Levitation and Motor-
ing Coils

connected between the opposite poles. This struc-
ture is the same of the DFT type displacement sen-
sor. When the motoring coils are driven by a pulse
width modulated (PWM) 3 phase current, the PWM
carrier frequency component is induced in the levi-
tation coils, which is expected to be linear to the
rotor displacement. The current is measured by the
resistance voltage connected series to the coil.

Next let us consider the mutual inductance and
the characteristics of the displacement information.
Assuming that the magnetomotive force Fis(8) caused
by the unit current of U/ phase coils is the sinusoidal
form as

Fy(8) = Focos 20 (10)

Similarly, the magnetomotive forces F,(f) and Fj(6)
caused by the unit current of o and § phase coils are
given by

Fo(8) = Fycos 3

Fﬁ(g) = Fl sin 3¢ (11)

The permeance dP,q of an infinitesimal part between
the rotor and the stator is given by

porw(lo — zsin 0 + ycos )
> do
0

where r = the radius of the rotor, w = the thickness
of the rotor, lp = airgap, * and y the displacement

dP., = (12)

in z and y directions. Furthermore, the interlinkage
fluxies between U phase coil and a, B phase coils are
given by

dpy, = Fu(0)Fa(0)dPeq

dvu, = Fy(60) F3(6)dPeq (13)

Therefore mutual inductance Mz, , My, are given as
the following equations.

= FoFyporwm
My, = [ Fol@)Fa0)iPy = "y (1)
Q ) 9]
2n EoFyporwn
My, = f Fy(8)Fp(6)dPeq = -0—1;;3-2*“’ (15)
] 0

From this result, My, changes according to y dis-
placement while My, changes according to z dis- -
placement. Therefore it is possible to estimate the
displacement z,y based on the high frequency volt-
age in a, A coils respectively.

Let o', 3 be the part of coils of a, 3 which are
wound only on U phase. Then magnemotive force
F,:() and Fg: (8) are expressed as the following equa-
tion using Dirac’s delta function.

Far = F1[8(8) + (8 — )] (16)

Fpo= R[50 - 5)+5(0+ D

Thetefore mutual inductance My ugr is calculated
as .

FoFipoS
My = 2t = (18)
0
FoFypoS
MU,B’ = 2[10—9—[-]#—37 (19)
0

where § is the area of slot. From equations {18) and
(19) it is possible to estimate the displacement of 2, y
directions by using the induced voltage in o, §' coils.

EXPERIMENTAL RESULTS

AND CONSIDERATIONS

The schematic of the experimental setup is shown in
Figure 3. This motor is the inner rotor type. The
rotor is set vertically. The upper end is supported
by the ball bearing. Hence it has two radial degrees
of freedom. The airgap between the rotor and stator
is 1.0 mm. The touchdown plate is used to prevent
the rotor from directly contact. Then the movable
gap is 0.4 mm. Two gap sensors are used to monitor
the real displacements.
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FIGURE 3: Schematic of Experimental Setup

The system is designed using the finite element
code ANSYS. It is confirmed that the magnetic flux
in the stem of the stator is under the saturation level
when the airgap is 1.0 mm and thickness of perma-
nent magnet is 0.7 mm . The rotor is made of lami-
nated steel sheet. Four permanent magnets are glued
N poles and S poleé‘ alternatively on the surface of
the rotor. The magnets are diamond shaped to have
the smooth sinusoidal flux in the airgap. The stator
is also made of the laminated steel sheets. Two sets
of coils for the levitation and rotation are inserted in
the slot of the stator. The opposed levitation coils
are connected out of phase, while the rotation coils
are connected in phase. This motor is the 4 pole
PM type. The levitation is controlled by using 3
phase 4 pole motoring current, while the levitation
is controlled by 2 phase 6 pole levitation current sep-
arately.

Control System

The estimation is carried out by using the detection
circuits shown in Figure 4. The U phase of rotation
coils is driven by PWM signal of the frequency of
10 kHz. Then the carrier components of the current
induced in o', ' phase coils are measured. The car-
rier component is filtered using the band path filter
and put into the analog multiplier. Then, it is sent
to a low pass filter to remove the carrier frequency
component. This demodulated signal is expected to
be linear to the displacement of the rotor.

The control system is shown in Figure 5. The dig-
ital signal processor DSP{dSPACE DS1104) is used
for rotation and levitation control. Levitation con-
trol used is the standard digital PID controller. First,
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FIGURE 4: Detection Circuit
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FIGURE 5: Control System

the displacement of the rotor is measured and put
into DSP through A/D converter. The actuating
signal is calculated in DSP from the displacement
signal and put out tc the power amplifier. The sup-
ply voltage used is £35 V.

Static Estimation

"To confirm the estimation accuracy static estimation
is carried out. The results are shown in Figures 6 to
9. Figure 6 shows the estimated displacement of z
when the rotor angle is 0°. The results are almost
linear to the displacement z, but it fluctuates accord-
ing to the levitation current. However the estimation
is very accurate when the rotor angle is T as shown
in Figure 7 due to the absence of permanent magnet.
Figures 8 and 9 show similar results in y direction.
These results show that the displacement estimation
is possible, but it is affected by the angular position
of the rotor and the levitation current.
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Dynamic Estimation
The dynamic estimation is carried out by levitating
the rotor with the sensor displacement and record-
ing the impulse response on y direction as shown in
" Figures 10 and 11. The results on z direction are
very similar to those on y direction. Hence only y
directional results are shown. Figure 10 is the re-
sults when the rotor position is 0° while Figure 11
is that of Z. In both cases the upper curve is the
measured displacements while the lower is the esti-
mated ones. The self-sensing output agrees relatively
well with the sensor output. However the self-sensing
output includes vibrating fluctuation. The reason is
the noise output causing by the levitation current.

Self-Sensing Levitation

In this section, the levitation control by self-sensing
signal is carried out. The sensor and the estimated
signals are measured and compared. Figures 12 and
13 show the impulse responses by hammering-the
rotor causing about 0.1 mm displacement and record-
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FIGURE 10: Impulse Response for y direction with
Sensor Control, wt = 0 (Sensor Qutput (Upper),
Self-Sensing Qutput (Lower))
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FIGURE 11: Impulse Response for y direc-

tion with Sensor Control, wi = % (Sensor Qutput
(Upper), Self Sensing Output (Lower))

ing the decaying vibration. The y directional results
are shown in Figures 12 and 13. Figure 12 shows the
results when the rotor angle is 0° while figure 13 is
the results when the rotor angle is . The estimated
signal in the lower graph includes higher noise but is
well agreed with the measured upper signal. The re-
sponse controlled by the estimated signal show good
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damping which is considered due to the collocated
arragement. This is one of the good point of self-
sensing technique. However the self-sensing signal
includes the fluctuation according to the rotor po-
sition and current. Hence we could not achieve the
levitated rotation by the self-sensing control.

CONCLUSION

In this paper, the self-sensing technique of the self-
bearing motor is proposed. The displacement esti-
mation and levitation are carried out. The estimated
signal includes the linear signal to the rotor displace-
ment. The static levitation was succeeded, but the
rotor could not rotate. This is due to the fluciua-
tion caused by the rotor angular position and driving
current. Further work is continuing to get accurate
self-sensing signal and successfully levitated rotation
with the self-sensing signal.
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